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Key Points
• Central fatigue is accepted as a contributor to overall athletic performance, yet little
research directly investigates post-exercise recovery strategies targeting the brain
• Current post-exercise recovery strategies likely impact on the brain through a range
of mechanisms, but improvements to these strategies is needed
• Research is required to optimize post-exercise recovery with a focus on the brain
Post-exercise recovery has largely focused on peripheral mechanisms of fatigue,
but there is growing acceptance that fatigue is also contributed to through central
mechanisms which demands that attention should be paid to optimizing recovery of
the brain. In this narrative review we assemble evidence for the role that many currently
utilized recovery strategies may have on the brain, as well as potential mechanisms for
their action. The review provides discussion of how common nutritional strategies as well
as physical modalities and methods to reduce mental fatigue are likely to interact with
the brain, and offer an opportunity for subsequent improved performance. We aim to
highlight the fact that many recovery strategies have been designed with the periphery
in mind, and that refinement of current methods are likely to provide improvements in
minimizing brain fatigue. Whilst we offer a number of recommendations, it is evident that
there are many opportunities for improving the research, and practical guidelines in this
area.
Keywords: recovery, brain, mental fatigue, sleep, nutrition
Introduction
Recovery from exercise is the process whereby the body is returned to a pre-exercise state
(Halson and Jeukendrup, 2004; Barnett, 2006). The recovery process is of particular impor-
tance to athletes who are required to perform optimally over subsequent training ses-
sions and competitions (Barnett, 2006). Although recovery from exercise occurs naturally
over time, there is a desire by athletes and coaches to accelerate this process where time
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between exercise bouts is limited. As such, incorporating strate-
gies to enhance recovery are now accepted as an important
component of an athlete’s training and competition program.
Outside of the sports psychology realm, post-exercise recovery
literature has almost exclusively focused on the recuperation of
peripheral fatigue. However, performance is also reliant on cen-
tral processes, which have been implicated in fatigue since the late
19th century (Waller, 1891; Mosso, 1914). Practitioners, coaches,
and athletes now accept that recovery is also for the mind,
summed up by successful British Athletics coach Frank Dick:
When you’ve driven yourself to exhaustion, it is seldom only phys-
ical. It’s also mental and emotional. So real recovery must address
all three - @frankdickcoach, 21st November 2013.
Despite this anecdotal acceptance, little research has investigated
how contemporary recovery strategies impact on the brain.
Although it appears that restoration of peripheral fatigue will
improve afferent feedback, recovery techniques have also been
shown to directly affect the brain. Recently, Minett and Duffield
(2014) highlighted the need to ameliorate central nervous system
(CNS; including the brain) related fatigue during recovery
but provided little insight into how this might occur. In this
narrative review, the potential for common recovery practices
to assist in brain recovery are highlighted. Although a largely
theoretical review, in many cases there is not sufficient depth
in the literature, if any, addressing fatigue and recovery on
the brain. It may be argued that feed forward and feedback
mechanisms play a role in fatigue and subsequent recovery, but
this is not likely to explain all of the mechanisms at play. In fact
research claiming the success of peripheral recovery strategies
cannot dismiss the possibility of the brain contributing to or
explain the results. The aim of this review however is not to argue
against peripheral fatigue, but rather raise awareness of fatigue
in the brain, and the implications for its subsequent recovery.
To do so we highlight many of the common recovery strategies
adopted by athletes, and point out how these may have direct
effects on the brain. The research reviewed focuses on modalities
that improve performance, since little research exists examining
the brain directly. We make the case that future research should
focus on better understanding the role of the brain in recovery,
and offer some thoughts on future research in this area.
Definitions and Background
Fatigue is a complex concept often debated and has been defined
simply as an inability to maintain a power output or force dur-
ing repeated muscle contractions (Gibson and Edwards, 1985).
Whilst this definition has academic merits to assist in explaining
descending motor drive, in terms of exercise or sporting perfor-
mance, it lacks the sensitivity of detecting other manifestations
of fatigue in the brain, such as altered decision-making, mood
disturbances, decreases in responding to opposition cues, reduc-
tions in skill execution or motivation changes. These and other
factors are also important for the athlete and form a type of
fatigue based predominantly in the brain that athletic training
aims to build a resilience toward, and recovery practices should
aim to ameliorate prior to subsequent performance. Previous
works offer comprehensive insight into the role of the CNS in
muscle fatigue (e.g., Gandevia, 2001), but our focus remains on
the brain, largely upstream of the motor cortex. In this regard,
the psychobiological model (Smirmaul et al., 2013) presents as
a better model through which brain fatigue in an exercise con-
text could be assessed. Psychobiology however could refer to any
interaction between psychology and the biological state of (a part
of) the brain and it is under this slightly broader definition that
we argue for improving recovery strategies as it relates to exercise
and sporting performance.
Nutritional Aids
Carbohydrates
Carbohydrate feeding is perhaps one of the most well recognized
recovery strategies post-exercise. Research on the muscle biop-
sies of endurance athletes has provided strong evidence of car-
bohydrate utilization during exercise, and that without adequate
carbohydrate restoration, subsequent performance is impaired,
associated with reduced muscle glycogen stores (Karlsson and
Saltin, 1971). The recommendations for carbohydrate intake dur-
ing and post-exercise are now well established and largely based
on observations of glucose uptake rates, as well as skeletal mus-
cle biopsies (Jentjens and Jeukendrup, 2003; Burke et al., 2004).
There is little doubt however that carbohydrate will affect per-
formance by way of the brain through diverse mechanisms. For
instance, recent research has revealed that carbohydrate in the
mouth has an immediate effect on fatigue. Mouth sensing of car-
bohydrate immediately improves motor output and force gener-
ation, minutes prior to elevating blood glucose (Gant et al., 2010),
but these improvements dissipate in individuals who are already
fed (Rollo andWilliams, 2010). Carbohydrate is clearly important
to the brain if anticipatory mechanisms impact performance, but
it is the more direct influence that is better understood.
Carbohydrate may act through influencing neurotrans-
mitter precursors that cross the blood-brain barrier. The
neurotransmitter serotonin for instance is influenced by the lev-
els of its precursor, tryptophan. Tryptophan is transported across
the blood-brain barrier when in its free state, but can be taken out
of free circulation by binding to albumin. Albumin can be theo-
retically manipulated by carbohydrate ingestion through its effect
on lipolysis, and concomitant reduction in circulating fatty acid
concentration which has a higher affinity for albumin than does
tryptophan. Indeed carbohydrate ingestion reduces the amount
of tryptophan crossing the blood-brain barrier during prolonged
exercise (Blomstrand et al., 2005) in a dose dependent man-
ner (6 or 12% carbohydrate solution) (Davis et al., 1992). More
recently however, animal studies suggest that extracellular glu-
cose may restrict the rise in exercise induced serotonin, not
through synthesis, but rather through regulating its release and
reuptake (Bequet et al., 2002). Regardless, serotonin is of interest
as it has been associated with depression, sleepiness, and mood
(Strüder and Weicker, 2001a,b) although the ratio of serotonin
to dopamine, as well as other neurotransmitters, may relate more
closely with central fatigue (Meeusen et al., 2006; Meeusen and
Watson, 2007). Carbohydrate uptake post-exercise may therefore
Frontiers in Physiology | www.frontiersin.org 2 March 2015 | Volume 6 | Article 79
Rattray et al. Recovery and the brain
improve fatigue and mood although, to the authors’ knowledge,
there is no research investigating how carbohydrate specifically
influences serotonin level into the post-exercise recovery period.
Neurotransmission may also be influenced by by-products
of metabolism in muscle. The metabolic by-product ammonia
can have an effect on brain fatigue through its interference with
cerebral energy metabolism and neurotransmission (Wilkinson
et al., 2010). Circulating ammonia increases with exercise inten-
sity and duration as fuel stores deplete. Addressing this poten-
tial muscle fuel crisis, carbohydrate ingestion during prolonged
exercise reduces levels of ammonia in cerebrospinal fluid (Nybo
et al., 2005). Although current direct evidence between exercise-
elevated ammonia and fatigue is weak, carbohydrates influence
on ammonia may be another avenue with which post-exercise
recovery can be promoted.
The beneficial effects of carbohydrate intake post-exercise are
also likely to relate to the replenishment of brain glycogen used
as a fuel source during exercise. Brain glycogen is confined to the
astrocytes which serve to nourish surrounding neurons. Astro-
cyte glycogen levels reach 5–6mM (Dalsgaard et al., 2006) in gray
and white matter and higher in the hippocampus. Secher et al.
(2008) suggest that given the volume of astrocytes in the brain,
glycogen levels are similar to that observed in skeletal muscle.
Research measuring lactate and glucose uptake across the brain
show that there is a large carbohydrate uptake by the brain fol-
lowing demanding exercise, suggesting the importance of brain
glycogen during at least some forms of exercise (Ide et al., 2000;
Dalsgaard et al., 2002; Nybo et al., 2003). Animal studies con-
firm that brain glycogen is reduced following forms of exercise
in which blood glucose (or lactate) is unable to keep up with the
energetic demands of brain tissue (Choi et al., 2003). Rats under-
going 2 h of treadmill running at moderate intensity results in
∼37–60% reduction in brain glycogen, localized in regions of the
brain likely to be more engaged in exercise regulation (Matsui
et al., 2011).
It has been established that muscle increases its glycogen con-
tent in response to a training stimulus, and it appears that this
also occurs within the brain (Choi et al., 2003; Matsui et al.,
2012). Utilizing an injectable glucose solution post-exercise, in
which brain glycogen levels decreased by 50–64%, Matsui et al.
(2012) showed that brain glycogen supercompensated by 29–63%
(whole brain 46%, cortex 60%, hippocampus 33%, hypothalamus
29%, cerebellum 63%, and brainstem 49%) at 6 h after exercise.
In cortical and hippocampal tissue, glycogen supercompensation
was sustained until 24 h post-exercise. It has been suggested pre-
viously that it may be possible to increase brain glycogen stores
and Gailliot (2008) points to examples of both direct and indirect
evidence that this is the case. More recently this was confirmed
with the observation that basal glycogen levels in the cortex and
hippocampus increase with 4 weeks of exercise training (Mat-
sui et al., 2012). These adaptations are similar to the pattern of
response described after exercise for muscle glycogen, suggesting
that the brain may benefit from similar interventional strategies.
It is also likely that carbohydrate feeding post-exercise will
improve the athletes’ psychological state as supplemental car-
bohydrate over a physically demanding day improves vigilance
and mood (Lieberman et al., 2002). This may be due to the link
between carbohydrate intake and serotonin or a direct conse-
quence of brain glycogen levels, or both. In a similar fashion,
carbohydrate intake is likely to assist in executive functioning
(Gailliot, 2008) post-exercise and it would seem probable that
any intervention that improves life outside of sport would also
be beneficial for an athlete’s recovery.
There are clear avenues by which carbohydrate could assist the
brain in the recovery process. There is however little research
investigating these interactions and no doubt more potential
mechanisms to uncover. For instance, the effects of carbohy-
drate replenishment on other important factors associated with
brain health and performance, such as brain derived neutrophic
factor, post-exercise remain unknown. In investigating carbohy-
drate and the brain however, it is likely to be problematic distin-
guishing the effects of carbohydrate feeding on the brain and the
well-established peripheral effects. No doubt though, improved
recovery strategies could be developed once we better understand
these carbohydrate—brain performance pathways. A major limi-
tation in this area is the technological limitations surrounding the
measurement of glycogen in the brain. Although irradiation tech-
niques are offering opportunities to investigate cerebral glycogen
in animal models, the capacity to measure this in intact human
models is only beginning to emerge. The development of 13C
Magnetic Resonance Spectroscopy has recently allowed for the
measurement of brain glycogen and turnover under physiolog-
ical conditions (Khowaja et al., 2014) and further research with
these tools in exercise settings are likely to vastly improve our
understanding of the exercise fatigue and recovery within the
brain.
Protein
Branched chain amino acid (BCAA) supplementation is widely
used among athletes in order to improve recovery and adaptation
bymaximizing net protein accretion following exercise, especially
following resistance-type exercise (Tipton et al., 2001). However,
it has been suggested that in addition to these peripheral fac-
tors, ingestion of BCAA may also minimize fatigue and improve
recovery via central mechanisms (Blomstrand, 2006; Meeusen
et al., 2006).
As briefly suggested above, serotonin is involved in feelings
of lethargy, drowsiness, and loss of motivation and may play a
role in fatigue during or following exercise (Blomstrand, 2006;
Meeusen and Watson, 2007). The rate of serotonin synthesis in
the brain is largely dependent on circulating levels of tryptophan
which is transported across the blood-brain barrier as previously
described (Meeusen and Watson, 2007). Because tryptophan is
also mediated by the same carrier system as BCAA, manipula-
tion of the ratio of free tryptophan to BCAA (e.g., via BCAA
supplementation) can affect tryptophan movement across the
blood-brain barrier, subsequently effecting serotonin production
(Blomstrand, 2006; Meeusen and Watson, 2007).
The tryptophan-serotonin theory has been confirmed in ani-
mal models. Indeed, when a saline infusion (placebo) was deliv-
ered using an in vivo brain microdialysis technique, exercised
rodents had a progressive increase in extracellular serotonin;
whereas this increase was eliminated when rodents were given
the BCAA L-valine prior to exercise (Gomez-Merino et al., 2001).
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Exercise capacity and voluntary running performance have also
been improved following BCAA supplementation in animals
(Calders et al., 1997, 1999; Smriga et al., 2002). Calders et al.
(1999), reported rats injected intraperitoneally with BCAA 5min
prior to a run to exhaustion, ran significantly longer (158 ±
28min) when compared to a saline injection (118 ± 35min).
Results in humans are more mixed and, although there are
examples of improved performance with BCAA supplementation
(Blomstrand et al., 1997; Mittleman et al., 1998), the majority of
studies have reported no benefit of BCAA supplementation on
performance (Varnier et al., 1994; Van Hall et al., 1995; Madsen
et al., 1996; Strüder et al., 1998; Davis et al., 1999; Cheuvront et al.,
2004).
One potential reason that BCAA displays limited, or no per-
formance benefit may be that many BCAA preparations also
reduce tyrosine uptake, and subsequently the synthesis and
release of catecholamines, notably dopamine (Fernstrom, 2013).
Dopamine stimulating drugs are known to enhance aspects of
exercise performance (Roelands et al., 2008), thus BCAA admin-
istration may benefit from the addition of tyrosine in any supple-
mentation routine. Certainly, acutely depleting plasma tyrosine
results in reduced exercise capacity (Tumilty et al., 2013). Further
work in this area is required.
Although the theory for supplementation of BCAA to min-
imize fatigue is appealing, the limited evidence is not convinc-
ing to suggest BCAA supplementation alone as a method to
minimize brain fatigue. However, from an applied perspective,
the improvements observed in ratings of perceived exertion
(although not accompanied by improvements in performance)
may be beneficial in some sporting environments and could be
incorporated with other methods outlined in this review. Over-
coming the depression of tyrosine with BCAA supplementa-
tion, affecting the dopamine system, may be a particular area of
interest in the near future.
Hydration
Hydration provides another area in which a homeostatic bal-
ance must be maintained, or returned to during recovery, and
its effects on the periphery are well reported in the literature. Sur-
prisingly however, this remains an emerging area of research for
the brain (Adan, 2012) without consistent findings. It is believed
that 2% dehydration impairs attention, psychomotor, and imme-
diate memory skills, as well as assessment of the subjective state,
providing a clear incentive for individuals to maintain, or return
to a euhydrated state. Structurally, acute dehydration is thought
to result in an overall shrinking of the brain (Kempton et al.,
2009; Streitbürger et al., 2012), although not always (Watson
et al., 2010). The direct effect of this on performance however
is unknown, but a likely preservation or return to a euhydrated
state during recovery is desirable. Cerebral blood flow is also
compromised with dehydration, although this does not appear
to affect the cerebral metabolic rate of oxygen (Trangmar et al.,
2014), at least not whilst compensatory mechanisms can cope.
Similarly, changes in the permeability of the blood-brain bar-
rier have also been related to changes in hydration state (Watson
et al., 2006) and may contribute to the development of central
fatigue (Nierwin´ska et al., 2008). Changes to the blood-brain
barrier during exercise appear fairly robust however, as attempts
to observe changes in its permeability with endurance exercise
in the heat have provided mixed results (Watson et al., 2005;
Morrison et al., 2013). Thus it is not clear if the blood-brain bar-
rier is susceptible to exercise-related exposure to heat, dehydra-
tion or a combination of both, although some evidence suggests
that brain temperature is the over-riding factor (Kiyatkin and
Sharma, 2009).
Hydration state may however alter the effort associated with
subsequent efforts. In anMRI study, Kempton et al. (2011) found
that, a period of dehydrating exercise resulted in greater neu-
ronal activity in regions of the brain involved in cognitive tasks
compared to a control exercise condition. Whilst the reduction
of some of the cerebral parameters may not directly affect per-
formance due to the compensation mechanisms protecting the
brain, these coping mechanisms will not have endless capacity for
compensation, and importantly, may not allow for the complete
recovery of the system. As a case in point, brain glycogen is not
thought to regenerate normally except during sleep, even though
reductions in glycogen levels do not necessarily reduce cogni-
tive (or physical) performance (see Sleep section). The return
to a euhydrated state as quickly as possible in the post-exercise
recovery period is therefore a clear goal for athletes, regard-
less of whether the effect is due to hydration per se, or through
thermoregulatory means.
Temperature Regulation
The capacity to perform prolonged exercise is greatly reduced in
a warm environment (Hargreaves and Febbraio, 1998). Exercise
capacity is greatest in non-heat acclimated males at an ambi-
ent temperature of 11◦C (Galloway and Maughan, 1997) and
progressively declines as ambient temperature increases (Parkin
et al., 1999). As such, recovery interventions which affect the
regulation of body temperature are commonly used during and
after exercise in the heat (Casa et al., 2007; Vaile et al., 2008a;
Stanley et al., 2010; Hausswirth et al., 2012; Minett et al., 2012,
2013; Pointon et al., 2012). Immersion in cold water (CWI) is
regularly used post-exercise to treat the symptoms of exercise
induced muscle damage but is also regarded as the most effective
method of treating exercise induced heat stress (Casa et al., 2007).
More recently methods such as ice slushie ingestion (Stanley
et al., 2010), cooling vests (Hausswirth et al., 2012; Minett et al.,
2012) and cold towels (Minett et al., 2012) have also been studied
as a convenient way to treat exercise induced thermoregulatory
strain, although with mixed results. Whilst the effects of hyper-
thermia on exercise in the heat have been shown to be reason-
ably clear, their mechanisms are not entirely understood. Often,
reduced exercise capacity is attributed to the attainment of a crit-
ical core temperature. In elite cyclists performing a 30min self-
paced time trial, mean power was reduced by 6.5% in the heat.
Interestingly though, rectal temperature (a measure of core tem-
perature) was similar between trials, and blood lactate was lower
at the end of the warm trial. As impaired substrate availability,
dehydration or lactate accumulation does not explain the declines
in performance, the role of the brain in regulating exercise during
the heat has been proposed as an important factor (Nybo, 2010).
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Exercise in the heat has been shown to have a direct impact on
brain activity. Hyperthermia causes a progressive reduction in
pre-frontal cortex activity, as evidenced by an increase in the ratio
of α–β frequency bands from an electroencephalogram recording
(Nielsen et al., 2001). The shift toward lower frequency α bands
is characterized by feelings of drowsiness and a loss of motivation
normally experienced when transitioning from a fully alert state
to sleep (Nielsen et al., 2001; Meeusen et al., 2006). Therefore, it
would seem that recovery from thermoregulatory strain is impor-
tant, from a brain perspective as well as in the periphery, prior to
subsequent exercise performance.
Brain temperature is thought to remain ∼0.2◦C above core
temperature (Nybo et al., 2002b), thus any challenge to ther-
moregulation also affects the brain. The brains thermoregula-
tory center, the hypothalamus, controls the thermoregulatory
reflexes via afferent and efferent signals which may explain the
shift toward low frequency α bands during exercise in the heat.
As serotonergic and catecholaminergic projections innervate the
hypothalamus, changes in the activity of these neurons would
also be expected to contribute to the control of body temper-
ature throughout both exercise and rest. Similarly, heat stress
during exercise reduces cerebral blood flow and oxygenation
which is suggested to alter central motor output (Nybo et al.,
2002a). Attempts to selectively cool the brain remain relatively
unsuccessful (e.g., Nybo et al., 2014), and it appears as though
global lowering of body temperature is required, as arterial blood
will gradually lower brain temperature (Nybo et al., 2002b).
CWI increases mean arterial pressure and cardiac output, which
should result in an increase in cerebral oxygenation (Vaile et al.,
2008a). However, Minett et al. (2013) found CWI decreased cere-
bral oxygenation, as measured by near-infrared spectroscopy,
after exercise in the heat despite improved recovery of neuro-
muscular function and exercise performance. Oxygenation in
the pre-frontal cortex, as measured by Minett et al. (2013), may
not however detect changes that occur with CWI in other brain
regions. After prolonged exercise in the heat, in which β activity
decreased across the whole brain, De Pauw et al. (2013) subjected
participants to different recovery strategies including CWI. The
authors observed an increase in β (β3) activity only after CWI,
and not after recovery strategies that did not target thermoregula-
tory mechanisms. Increases in β activity however were restricted
to brain areas involved in somatosensory information processing.
Cold water will obviously induce a somatosensory response, but
warm water may also influence cerebral activity. Although not
providing a strong thermoregulatory response, the act of immers-
ing in warm water has been shown to increase cerebral blood
flow velocity (Carter et al., 2014) and may therefore provide a
mechanism by which recovery is aided post competition. Thus
recovery methods such as CWI (and water immersion in general)
may offer a number of mechanisms by which the brain regu-
lates exercise performance such as changes in regional blood flow,
alterations in psychological state and changes in inhibitory and
stimulatory pathways that precede the descending motor drive.
The effects of increased thermoregulatory strain on exercise
performance are very clear and more is now understood on the
contribution of the brain to fatigue. Recovering the brain after
exercise in the heat is an area which requires further research for
not only a sporting context but also the potential application to
emergency services or armed forces. Due to this a better under-
standing of the effects of CWI on the brain as well as investigating
methods which are easily and quickly applied, such as ice vests
and slushies, is warranted.
Inflammatory Regulation
Inflammation is associated with muscle damage and plays a key
role in the cascade of events that occur in order to repair a dam-
aged muscle (Kharraz et al., 2013). Because of this, levels of cir-
culating pro- and anti-inflammatory cytokines are often used as
measures of fatigue and recovery (Vaile et al., 2008b). Recovery
strategies, such as CWI, cryotherapy, and nutritional strategies
which have been shown to minimize post-exercise inflamma-
tion are therefore regularly incorporated into an athlete’s training
program in order to promote recovery.
As well as playing a role in muscle repair, inflammatory
cytokines signal the brain through several immune-to-brain
communication pathways which result in central neural changes
and associated behavioral alterations such as feelings of tired-
ness and reduced motivation (Dantzer et al., 2014). In addition
to these communication pathways, D’mello et al. (2009) iden-
tified that peripheral increases in immune cell production lead
to active recruitment of monocytes in the brain. Increases in
cerebral monocytes in mice resulted in significant reductions in
social interaction time and increased inactivity compared with
mice with cerebral monocytes inhibition (i.e., no increase in brain
monocytes, but increased peripheral inflammation). These find-
ings may suggest that the behavioral alterations observed are in
part caused by both inflammatory related changes within the
brain and communication to the brain.
Similar reductions in motivation have been observed when
strong immune responses are elicited through mice treated with
lipopolysaccharides. Lipopolysaccharides (large molecules used
to elicit a strong immune response) can increase brain concen-
trations of IL-1-beta, part of the wider exercise-induced response
particularly prevalent after unaccustomed, or eccentric-based
exercise. In support of this, Carmichael et al. (2006) found that
a bout of downhill running reduced subsequent running per-
formance in mice, but this was overcome when an intracere-
broventricular injection of the IL-1 receptor agonist was used
2 h prior to the run time to fatigue. Further, intracerebroven-
tricular injection of IL-1-beta in a matched uphill running group
reduced subsequent run time to fatigue to a similar extent, high-
lighting that IL-1 in the brain is the likely cause of early fatigue
in these groups. Similar results have been observed in humans
as 10 km running time trial performance is impaired in trained
runners after the administration of recombinant IL-6 compared
to placebo (Robson-Ansley et al., 2004). As such, performance
improvements observed following recovery strategies which pro-
mote a reduction of inflammation, which is typically associated
with peripheral fatigue, may also be due to improved motiva-
tion and subjective ratings. Indeed, Cook and Beaven (2013)
reported that there is important role of individual perception
in enhancing training recovery. Nutritional interventions such
as BCAA (Matsumoto et al., 2009) and carbohydrate ingestion
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(Nehlsen-Cannarella et al., 1997; Nieman et al., 1998) have also
been linked to reduced inflammation post-exercise representing
yet more cross-over between recovery strategies although links to
brain fatigue have not been conducted in this context. It is unclear
if inflammation has other manifestations on brain fatigue related
indices and it may be that inflammation has other consequences
on sporting performance.
The mitigation of inflammation has implications for sport sci-
ence research, especially where maximal effort is expected but
little incentive is given. Based on the suggestions above, some of
the performance benefits from recovery strategies that minimize
inflammation may only be evident in research-based environ-
ments, or training scenarios, as, during actual competitive per-
formance the incentive may be great enough to counteract the
reduced motivation performance decrements. Regardless, reduc-
tions in motivation can be seen as a form of brain fatigue and if
exercise or sporting performance is to remain optimal, recovery
strategies should also aim to reduce inflammation.
Sleep
It has long been established that sleep deprivation may lead
to impaired psychological, physiological and cognitive function
when it comes to sporting performance (Thomas et al., 2000).
Restricted or disturbed sleep in elite athletes is associated with
impairments in mood and motivation (Sinnerton and Reilly,
1992), compromised immune function (Pyne et al., 2000) and
symptoms of overreaching (Fry et al., 1994; Jeukendrup and Hes-
selink, 1994). In several recent studies evaluating the sleeping
habits of elite athletes, it was reported that on average, athletes
get ∼6.5–7.2 h sleep each night, significantly less than their non-
athletic counterparts (Teng et al., 2011; Leeder et al., 2012; Juliff
et al., 2015). Conversely, increasing the amount of sleep an elite
athlete obtains to 8 h or more per night can significantly improve
sports-specific performance (Mah et al., 2011). Sleep is often
referred to as being one of the key strategies for athletes to achieve
both mental and physical recovery following exercise (Halson,
2008) suggesting that quality sleep is a critical component for
sporting success.
While there are very few studies to examine sleep as a recovery
strategy following exercise, there has been a plethora of research
performed to assess changes in brain function associated with
sleep deprivation (Durmer and Dinges, 2005). The first docu-
mented experimental study of the cognitive performance effects
of sleep deprivation on humans was reported in 1896, involving
three participants subjected to 90 h of continuous wakefulness
(Patrick and Gilbert, 1896). Virtually all forms of sleep depriva-
tion result in increased negative mood states, especially feelings
of fatigue, loss of vigor, sleepiness, and confusion (Durmer and
Dinges, 2005). Moreover, it was revealed in a meta-analysis of
143 sleep deprivation studies, that mood is more affected by sleep
deprivation than both cognitive and motor performance (Pilcher
and Huffcutt, 1996). In brain imaging studies using positron
emission tomography (PET) scans, depressed mood states are
easily identified in the prefrontal cortex, and more specifically in
the lateral, orbitofrontal, and ventromedial regions (Baker et al.,
1997). These negative mood states often present as an overall
reduction in brain activity in these regions. The prefrontal cor-
tex is known not only to be involved in mood responses, but also
to have numerous connections with other parts of the brain that
are responsible for controlling dopamine, norepinephrine and
serotonin, three neurotransmitters that are important in mood
regulation (Ruhé et al., 2007). Therefore, a clear link can be made
between sleep deprivation and the neurochemistry of negative
mood states in the brain. Of course, the inverse relationship can
be assumed. If athletes are to obtain better quality and quantity
of sleep, we can expect this to contribute to a better mood, and an
overall enhanced recovery process.
Theories of how sleep deprivation affects cognitive abilities are
ever evolving as both the range of cognitive effects from sleep loss
and the neurobiology of sleep-wake patterns are better under-
stood. Recent experiments reveal that following days of chronic
sleep restriction, significant daytime cognitive dysfunction accu-
mulates to levels comparable to that found after severe acute
total sleep deprivation (Durmer and Dinges, 2005). In a mili-
tary study where subjects were deprived of sleep for over 72 h,
How et al. (1994) employed a battery of tests related to cogni-
tive and physical performance. The more pronounced declines
were observed in cognition, speed and precision while smaller
effects were found in routine tests of physical measures. Fur-
thermore, a meta-analysis of relevant studies has confirmed the
significant impact of sleep deprivation on psychomotor/cognitive
performance. Koslowsky and Babkoff (1992) concluded that the
longer the period without sleep, the greater was the effect on cog-
nitive ability. The researchers also highlighted that decreases in
speed were greater than decrements in accuracy. It is likely that
decreases in psychomotor/cognitive performance with sleep loss
are related to the function of brain signaling and metabolism
and further highlights the importance of sleep in the recovery of
athletes.
Brain function in the prefrontal cortex, the anterior cingulate
and the posterior parietal systems seem particularly vulnerable to
sleep loss (Chuah et al., 2006). Regional brain activation studies
using PET (Wu et al., 1991; Thomas et al., 2000) and functional
magnetic resonance imaging (fMRI) (Portas et al., 1998; Drum-
mond et al., 1999, 2001) show changes in response to sleep depri-
vation. PET studies show a global decrease in glucose metabolism
throughout cortical and subcortical regions during sleep depriva-
tion. As individuals become impaired on cognitive tasks, a more
specific decrease in glucose uptake occurs in the prefrontal cor-
tex, thalamus, and posterior parietal association cortices (Thomas
et al., 2000). fMRI studies indicate that after 24 h of total sleep
deprivation, attention-demanding tasks demonstrate increases
in thalamic activation (Portas et al., 1998). It is these impair-
ments in the metabolic functions of the brain that may contribute
to the cognitive and/or psychomotor dysfunction when sleep
loss is apparent. Decreases in glucose metabolism are a likely
consequence of reductions in brain glycogen (discussed earlier)
which are observed when sleep is compromised (Kong et al.,
2002; Brown, 2004). The ability of sleep to restore brain glyco-
gen has been readily accepted for decades (Brown, 2004) but it is
interesting from an applied perspective that brain glycogen may
accumulate very slowly with sleep, perhaps taking up to 9 h to
restore to baseline levels after a period of sleep deprivation. Brain
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glycogenmay not be the only concern following sleep deprivation
as recently it has been observed that sleep plays an important role
in cleansing the brain of neurotoxic waste (Xie et al., 2013) as
well as in gene regulation (Archer et al., 2014). The consequences
of altering these sleep dependent actions on physical and mental
performance are however unknown.
Recommendations for good sleep hygiene practices in the lit-
erature typically include the creation of a cool and dark sleep
environment, avoiding electronics in the bedroom, abstaining
from caffeine in the latter half of the day and maintaining a rou-
tine of going to bed, and waking, at a similar time each day. There
is also potential for interactions between sleep quality and other
recovery interventions. For instance, sleep onset coincides with
a drop in body temperature (Murphy and Campbell, 1997) fol-
lowing the normal circadian rhythm. Interventions manipulating
body temperature may therefore also assist with sleep although
recent post-exercise CWI studies have had no effect on sleep qual-
ity, quantity (Robey et al., 2013a) or melatonin (Robey et al.,
2013a,b). Subtle manipulations that increase skin temperature
however have been shown to improve sleep (Raymann et al.,
2008). A limited amount of research has also investigated the
effects of different foods on sleep quality but indications are that
carbohydrate and protein intake, as well as some micronutri-
ents (e.g., nitrates, tryptophan andmelatonin), influence different
sleep characteristics such as sleep latency and sleep quality (see
Halson, 2013). Further detail on sleep and nutritional interac-
tions in elite athletes are available in a recent review (Halson,
2014). As mentioned previously, technological limitations have
prevented the assessment of how carbohydrate intake timing,
type and quantity prior to sleep influences the restoration of
brain glycogen, and indeed, to what extent sleep modulates this
restoration.
While the effect of sleep on recovery in the brain following
exercise remains largely unknown, we have a comprehensive
understanding of what sleep loss/deprivation does to overall
brain function. The impairment of brain function with sleep
deprivation expresses itself through poor performance in cogni-
tive/psychomotor skills, mood, and motivation. All of these fac-
tors are vital to sports performance at any level of competition.
Therefore, it can be assumed that an enhanced quality and/or
quantity of sleep may aid in performance improvements. Given
the reports of poor sleep quality in elite athletes, more research is
required to examine the relationship between sleep as a recovery
strategy post-exercise and both physical andmental performance.
Recovery from Mental Fatigue
One area almost entirely overlooked in the recovery of an ath-
lete is the importance of recovery from mental fatigue. Men-
tal fatigue is a change in psychophysiological state, caused by
prolonged periods of demanding cognitive activity (Marcora
et al., 2009) and this change is gradual and cumulative and
can include increased resistance against further effort (Meij-
man, 2000), changes in mood (Broadbent, 1979; Holding, 1983)
and feelings of “tiredness” and “lack of energy” (Boksem and
Tops, 2008). Mental fatigue can be brought about by the sus-
tained performance of a single cognitive task but importantly
can also include different tasks that require mental effort, such
as fatigue incurred through a working day. The effect of mental
fatigue on cognitive performance is well known, however more
recently mental fatigue has reduced time to exhaustion during
high-intensity cycling (Marcora et al., 2009), reduced average
running speed during a 5 km running time trial (Pageaux et al.,
2014) and increased the perception of effort during a prolonged
submaximal isometric contraction (Pageaux et al., 2013). Despite
the relatively consistent observation that mental fatigue impairs
subsequent endurance performance, the mechanisms behind this
effect is presently unknown. Previous studies have revealed no
difference in any physiological variable between mental fatigue
and control conditions, the single discrepancy between trials
the greater perceived exertion (RPE) experienced by mentally
fatigued participants (Michalsen et al., 2005; Marcora et al., 2009;
Pageaux et al., 2013). Prolonged mental exertion is hypothe-
sized to directly affect the cortical centers involved in the cog-
nitive aspect of central motor command (Hallett, 2007), and the
primary sensory input for perceived exertion (Marcora, 2009).
Specifically the anterior cingulate cortex (ACC), an area of the
prefrontal cortex strongly activated by cognitive effort (Paus
et al., 1998). These findings support the involvement of the ACC
in mental fatigue as correlations have been observed between
changes in ACC activation and changes in RPE during manip-
ulations of exercise intensity under hypnosis and motor imagery
(Williamson et al., 2001, 2002, 2006), and rats with experimen-
tal ACC lesions engage significantly less than normal rats in
tasks requiring physical effort to obtain a larger reward (Walton
et al., 2003, 2006; Rudebeck et al., 2006). Furthermore, experi-
mental evidence from in vitro and animal studies suggest that
neural activity increases extracellular concentrations of adeno-
sine (Karlsson and Saltin, 1971), and that brain adenosine induces
a reduction in endurance performance (Burke et al., 2004). Cog-
nitive task-induced adenosine accumulation in the ACC has also
been hypothesized to mediate the increased perception of effort
(Pageaux et al., 2014).
To date the reduced endurance performance in a mentally
fatigued state, has been attempted to be explained by the psy-
chobiological model of exercise tolerance (Marcora, 2008; Mar-
cora et al., 2008). This model proposes that a time-to-exhaustion
test is determined primarily by two cognitive factors: perceived
exertion and potential motivation. In other words, participants
decide to “give up” either because the effort required to complete
the task exceeded the greatest effort they were willing to exert in
order to succeed, or because the effort to complete the task was
so high that continuing for any longer is beyond their perceived
ability (Wright, 1998). Consequently, exercise performance may
improve or reduce, relative to the changes in perceived exertion
or motivation. Aside from accounting for the reduced perfor-
mance of mentally fatigued participants, this model rational-
izes the reduced RPE and hence improved cycling time trial
performance of athletes using a glucose mouthwash (Chambers
et al., 2009) and the greater power output during a RPE matched
cycling time trial following amphetamine ingestion (Swart, 2009).
Similarly motivational self-talk (Blanchfield et al., 2013), and
the presence of an attractive female “research assistant” (Winch-
ester et al., 2012) reduced ratings of perceived exertion during
matched workload exercise trials. Most astonishingly, the mere
suggestion of either an “uphill or downhill” grade during cycling
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under hypnosis was enough to significantly lower RPE during the
imagined “downhill” and similarly elevate RPE during “uphill”
cycling (Williamson et al., 2001). It is therefore apparent that any
physiological or psychological factor affecting perception of effort
or motivation may play a role in overcoming the detrimental
effects of mental fatigue.
The link between recovery strategies, which aim to restore
performance to pre-fatigue levels, and ergogenic aids, seeking
to improve existing performance, is often blurred and in fatigue
associated with the brain, this may be particularly true for caf-
feine. In the case of mental fatigue, caffeine may ameliorate,
at least transiently, some of the reductions in subsequent exer-
cise performance. Caffeine acts as a stimulant, and has been
shown to reduce feelings of pain (Gailliot, 2008) and percep-
tion of effort (French et al., 2008) during exercise trials. Perhaps
more importantly, the effects of caffeine are credited primar-
ily to the inhibition of adenosine, by binding to the adenosine
receptors in the CNS (Lorist and Tops, 2003). Accumulation of
adenosine in the ACC has been hypothesized to contribute to
the greater ratings of perceived exertion, and subsequent reduced
endurance performance. As no further physiological mechanisms
have been offered for the negative impact of mental fatigue on
exercise performance, supplementation of caffeine may mediate
this effect. This reduction in adenosine also leads to increased
activity of the neurotransmitter dopamine (Lorist and Tops,
2003). Decreased secretion of dopamine is thought to underlie
fatigue and impaired attention in polio survivors (Bruno and
Zimmerman, 2000) and based on animal studies has been pro-
posed to be central in acute fatigue, by regulating the tendency
for expending energy, based on a cost/benefit analysis (Neill and
Justice, 1981; Szechtman et al., 1994; Salamone et al., 1999). Fur-
thermore methylphenidate-induced increases in dopamine con-
centration have been associated with increased task interest and
motivation (Gant et al., 2010) and has been used effectively in the
treatment of apathy, which is an extreme state of lack of moti-
vation (Gill et al., 2006). The explicit use of caffeine to recover
exercise performance in a mentally fatigued state however, is yet
to be experimentally tested.
Another concept in its early stages of research is the use of
non-invasive brain stimulation techniques including transcra-
nial direct current stimulation (tDCS) to alter perception of
pain (Fregni et al., 2006), fatigue (Cogiamanian et al., 2007) and
perceived exertion during exercise (Okano et al., 2013). Non-
invasive brain stimulation techniques use an electrical current to
stimulate specific parts of the brain, resulting in a polarity depen-
dent modulation of brain activity. Okano et al. (2013) found RPE
increased at a slower rate in 10 trained cyclists during an incre-
mental test, following 20mins of anodal tDCS applied over the
left temporal cortex. Correspondingly, peak power output was
also improved by≈4%. However, not all research involving brain
stimulation has produced positive results. Transcranial direct
current stimulation applied to the motor cortex for 10mins prior
to an isometric elbow flexion task, did not alter maximum volun-
tary force or perception of effort (Lampropoulou and Nowicky,
2013). Hence further research in this area is warranted.
As well as the modalities of manipulation mentioned in this
section, cognitive activity has a metabolic cost (Parks et al., 1988)
and therefore the repletion of glycogen, along with the restorative
properties of sleep mentioned in the sections above will play
a role in the recovery of mental fatigue. Mental fatigue has an
obvious detrimental effect on physical performance however no
research has focused on recovery from such effects. Recovery
strategies targeting changes in mood, feelings of fatigue, and
perceived exertion would therefore no doubt assist in complete
athlete recovery.
Placebo Effect
Recovery research often spruiks the role that the placebo effect
may have on athletic performance but this was elegantly dis-
played recently by Broatch et al. (2014). The authors subjected
participants to one of three recovery strategies immediately after
a bout of high intensity efforts. Participants were led to believe
that the addition of a substance to the thermo-neutral water in
which they were immersed was beneficial for recovery, despite
it being a non-descript skin cleanser. Strength performance was
greater after the placebo recovery strategy compared to con-
trol, and similar to CWI. No physiological improvements were
observed but psychological measures indicated that ratings of
readiness for exercise, pain and vigor were all improved in the two
conditions in which participants believed there would be a recov-
ery benefit. Although this has historically been explained through
theoretical models of suggestibility, physiological responses in
the brain are now readily accepted as being able to explain,
at least in part, the placebo effect. For instance, neuroimaging
studies have revealed similar brain activation between placebo
and pharmacological agents implicated with the opioid, chole-
cystokinin and dopamine neurotransmitter systems (Benedetti
and Amanzio, 2013). A number of brain areas appear to respond
to placebo including areas implicated with athletic performance
including the prefrontal cortex (Watson et al., 2009; Lui et al.,
2010) and ACC (Watson et al., 2009). Whilst many of these
placebo observations relate to regions and systems associated
with the perception of pain, offering the potential to regulate
performance through pain modulation, the dopaminergic sys-
tem offers a pathway in which reward experiences (and there-
fore motivation) could be manipulated (Benedetti and Amanzio,
2013).
The placebo effect then has a physiological role to play in
the observed recovery of exercise performance. Placebo effects
may explain the benefits observed from a large number of recov-
ery strategies through similar pathways, but what is unclear,
is how the performance improvement is dependent on the art
of deception. Other researchers have shown that deception can
work to an extent (Stone et al., 2012), although at some point
there must be a limit to athletic performance. Psychological con-
structs such as deception, self-talk and similar are likely to influ-
ence physiological processes in the brain, but the extent, and
durability of this approach will not be infinite, and we argue
that the physiological recovery of brain homeostasis will be
required for ongoing optimal performance. Further research is
required to elucidate the placebo mechanisms further, as well as
its limits, and how this can be taken advantage of in an athletic
setting.
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Recommendations for Brain Recovery
Despite limited direct evidence of optimal recovery strategies for
the brain, the current literature provides a number of possibil-
ities for future research. We present a schematic highlighting
some of the relationships between recovery strategies and brain
fatigue (Figure 1). Whilst not exhaustive, the schematic aims
to show the complexity of brain fatigue and the interrelation-
ships involved, as well as areas of stronger and weaker evidence.
From this schematic it appears that both carbohydrate and sleep
present as the twomajor strategies to improve brain recovery, but
a number of other strategies are also likely to contribute in a pos-
itive way. Regardless, the optimal timings, dose and combination
with other recovery interventions remain unclear for brain recov-
ery, and will attract future research.Whilst there will be inevitable
improvements and discoveries relating to peripheral recovery, we
believe that the greatest improvements in exercise recovery are
likely to be found in strategies that directly target the brain, and
optimize its recovery. Interventions that aim to restore fuel, such
as nutritional strategies, as well as sleep are clearly likely to have
the largest effect, although little is known on the effect size of any
particular recovery strategy on the brain and its role in subse-
quent performance. Clearly, much more research is required in
this area, and recommendations will be refined and changed as
it becomes available. We hope that these insights will accelerate
findings in this area.
Recommendations for Future Research
There are perhaps two large impediments to developing
knowledge in this area. The first is relating changes in
performance to what occurs in the brain, as opposed to the
periphery, and the second, is in assessing brain biology. As
alluded to earlier, the role that the brain plays in fatigue, and
therefore recovery, will be somewhat dependent on the model
of fatigue being tested. Recent literature focuses heavily on the
reduction of descending motor drive, or muscle power gener-
ated, in fatigue and recovery and this research provides valuable
insights into elements of fatigue in the brain. However, more
research is required adopting and testing fatigue and recovery
using the psychobiological model of exercise performance. Fur-
ther, the integration of psychological measures alongside phys-
iological parameters as they relate to exercise performance are
required, but no doubt much of this is due to the historic
difficulties in evaluating brain biology in real time.
As suggested, measures likely to link to the psychobiolog-
ical model should be more common place in exercise recov-
ery research, and include appropriate and controlled measures
of indices such as perceived exertion and motivation and its
sub-scales. Measures such as concentration, attention, decision-
making and others are also likely to provide further insight into
brain fatigue and recovery within an exercise setting. Physiolog-
ical measures within the brain are of course much more diffi-
cult to assess, but a number of technologies are available, some
of which do not appear to have been adopted within the exer-
cise literature, to assist in this area. The assessment of descend-
ing motor drive to drive muscle force generation is perhaps the
best controlled methodology for assessing this manifestation of
fatigue thanks largely to early seminal work articulated in ear-
lier reviews (Gandevia, 2001). Newer technologies and others not
used widely in the exercise literature provide potential to better
understand fatigue in the brain. Improvements in the usability
FIGURE 1 | A schematic representation of some of the interactions
between a number of recovery strategies (rounded gray boxes) and
factors related to brain fatigue. Brain fatigue, manifesting through
observations such as reduced muscle drive, changes in mood, reduced
decision making or skill execution, or negative changes in motivation or
perceived exertion may be overcome through various combinations of
recovery strategies. The practical recommendations however remain unclear
and will be the subject of future research. Further details in text.
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and development of mobile electroencephalogram (EEG) now
allow for good qualitymeasurement during physical activity (Reis
et al., 2014). Whilst EEG is difficult to interpret, and cannot
provide detail of neuronal activity in specific areas, changes in
EEG activity are likely to continue to provide clues as to how
brain physiology relates to psychology and exercise performance.
Occupational and driver fatigue monitoring research utilizes
methods such as EEG and pupil (diameter and response to bright
lights) and ocular responses (including blink frequencies, veloc-
ity, and durations) and, although largely in the developmental
stages (Dawson et al., 2014), provide promise for future research,
especially as it relates to sleep related fatigue. Similarly, outside of
more invasive animal research models, systemic humoral mark-
ers of energy balance, inflammatory responses and neutrophic
factors will continue to provide clues as to how these relate to
the brain in the absence of more direct measures in-vivo. Per-
haps the most exciting opportunity at present however, one with
a likely large effect on brain fatigue and recovery, is the devel-
opment of 13C Magnetic Resonance Spectroscopy allowing for
the measurement of brain glycogen and turnover under physio-
logical conditions (Khowaja et al., 2014). These tools, combined
with methodologies that assess different models of fatigue should
greatly improve our understanding of fatigue in the brain, and its
recovery.
Ultimately however it is the exercise and/or sporting per-
formance that is the true test of an effective recovery strategy.
Knicker et al. (2011) offer a number of alternative measures
of fatigue that can exist in team sport environments, many of
which could stem from inadequate recovery of the brain. Future
research then will need to shift from the traditional assessments
of exercise fatigue, and integrate new methodology in order to
better assess the effectiveness of recovery strategies aimed at the
exercise and sport performing brain.
Conclusion
Existing evidence suggests that many commonly used post-
exercise interventions aid in recovery of mechanisms of fatigue
in the brain, and the peripheral manifestations normally tar-
geted. Mechanistically, there is indirect evidence on how inter-
ventions aid brain recovery, though little research has investi-
gated this area directly. We propose that the greatest advances
in optimizing exercise recovery in the future will come from bet-
ter understanding the brain. Future research should seek to bet-
ter understand the effects of recovery modalities on the brain in
order to optimize recovery post-exercise and ongoing improve-
ments in imaging technologies are likely to contribute consid-
erably to our understanding in this area. This research would
contribute to improving global recovery recommendations, and
to targeted strategies for individuals and their subsequent exer-
cise adaption and performance above what is currently known
for targeting peripheral recovery.
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